The results leading to the identification of coherent structures emerging from the background turbulence in the edge region of the reversed field pinch experiments EXTRAP-T2R and RFX are reviewed. These structures have traits of vortices in velocity field and blobs in density, and the reconstruction of their spatial structure and of their time evolution is discussed focusing on the analysis tools applied. The role of these structures in the particle anomalous transport is addressed, showing that their collisions can contribute up to 50% the total particle losses. This process is shown to be responsible for bursts in particle flux and it is found to set a characteristic collision time, which is in agreement with the statistical properties of laminar times for particle flux bursts.
Introduction
It is commonly recognized that turbulence plays a key role in the physics of magnetized plasmas. In a wide range of laboratory plasmas, it has been demonstrated that turbulence drives most of the energy, mass and momentum transport, leading to enhanced plasma losses, a process referred to as anomalous transport. Anomalous transport limits the present performance of plasmas confined in devices devoted to thermonuclear fusion research [1] , so that understanding the underlying mechanism and identifying methods for its mitigation are key subjects of research in this field. A feature common to several laboratory magnetized plasmas is the observation of coherent structures emerging from the plasma background turbulence. The excitation of large-scale vortices has been suggested to be the result of the nonlinear evolution of different types of instabilities in laboratory plasmas and in solar wind [2] [3] [4] . The spatial extent of these structures has been reconstructed in fusion [5] [6] [7] [8] and nonfusion experiments [2] [3] [4] 9] by imaging techniques using optical diagnostics and by arrays of electric probes inserted into the plasma. In a wide range of plasma parameters and magnetic-field configurations, the results show that these structures have features of vortices in velocity space and blobs in density. These structures deserve a special interest as they are believed to give a significant contribution to the anomalous transport [10] , so that the study of their origin, evolution and mutual interaction is expected to contribute to its comprehension. Plasmas confined in the reversed field pinch (RFP) configuration provide an excellent environment to investigate turbulence [13] . The main characteristics of this configuration are a magnetic field mainly generated by internal currents and a toroidal field comparable in magnitude to the poloidal one and changing sign in the outer region. This magnetic configuration is a remarkable instance of the selforganization process in a laboratory plasma, as the toroidal field spontaneously reverses and the whole configuration can be sustained in time against the resistive diffusion. Nonlinear coupling of magnetic and velocity fluctuations gives rise to the electric field (called Dynamo electric field) which sustains the configuration, so that a rather high level of magnetic turbulence ensues, typically one or two orders of magnitude larger than that measured in tokamaks. Another feature of this turbulence is the rich MHD activity, which manifests itself by a wide spectrum of MHD modes with poloidal periodicity mainly m = 1.
Despite the higher level of magnetic activity which characterizes this configuration, as far as the physics of the edge region is concerned, the RFP is found to share several features with other magnetic configurations [13] , among which a particle transports mainly driven by electrostatic turbulence and a highly sheared E × B flow in the direction perpendicular to the local magnetic field (i.e., the toroidal direction, as in the RFP the magnetic field is mainly poloidal in the edge region) with a shear value close to turbulence suppression [14, 15] .
The radial profile of the turbulent particle flux was noticed to be related to the spontaneous E × B shear, and transport suppression by its modification has been reported [14, 16] . Bursts and intermittency are common features in the RFP both in primary and derived quantities.
Recently, coherent structures emerging as intermittent events from the background turbulence have been identified in RFP experiments [17] . It has also been found that these structures have a relationship with the E × B shear, as they have traits of vortices with a prevalent direction of rotation determined by the local mean flow velocity shear [17] . These structures tend to cluster close to the reversal surface, i.e., the magnetic surface where the toroidal magnetic field changes sign, after events of magnetic reconnection cyclically occurring in RFP plasmas [18, 19] .
The aim of this paper is to discuss the mechanism underlying the contribution of coherent structures to the particle transport in the RFP configuration and comparison with numerical simulations. For this purpose, the results leading to the identification of these structures in RFPs are reviewed, focusing on the analysis tools which have allowed the reconstruction of the spatial structure and dynamics. Structures, dynamics, transport and effect on mean plasma profiles are compared with results and numerical simulations applied to other magnetic configurations showing several analogies.
Experimental set-up
In order to characterize the edge turbulence, several experimental campaigns have been carried out in the two RFP devices RFX [20] and Extrap-T2R (T2R) [21] . The two experiments have different major radius R and minor radius a, namely R/a = 2 m/0.5 m in RFX and R/a = 1.24 m/0.183 m in T2R. Moreover, while, in RFX, the first walls are provided by a continuous distribution of graphite tiles, in T2R, poloidal arrays of molybdenum limiters allow a separation between the confined plasma and the scrape off layer (SOL) behind the limiter so that a last closed flux surface (LCFS) can be identified at r = 0.183 m. Results refer to the stationary phase of low current I p operations, namely I p = 300 kA (plasma density n = 1.5 × 10 19 m −3 ) in RFX and I p = 60-80 kA (n = 1.0 × 10 19 m −3 ) in T2R. The reversal surface, defined as the surface where the toroidal magnetic field changes sign, is located at r/a ≈ 0.85 in both experiments, so that the outer region has a width of about 7 cm in RFX and 3 cm in T2R. Fluctuations have been investigated by different arrays of electric probes inserted into the edge region of the two experiments. Details on probes and signal acquisition are reported in [17, 19] . In both experiments, fluctuations have been investigated in a frequency range wide enough to include all contributions to turbulent particle transport. Density is measured by a balanced five-pin triple probe and plasma potential is approximated by floating potential. As commonly done in tokamaks and stellarators [22] [23] [24] , fluctuating perpendicular velocities, for example entering the turbulent particle flux es = ñṽ r , have been approximated by E × B drift velocity fluctuations as, according to [12] , they are commonly referred to as the sole advective flow for fluctuations of density, temperature and flow. Moreover, the electric-field fluctuations have been derived from the gradient of the floating potential fluctuations, i.e., neglecting temperature fluctuations as commonly done in other configurations [22] [23] [24] [25] .
Results

E × B flow shear
Previous experimental campaigns have shown that a highly sheared E × B flow takes place in the edge region of both experiments T2R and RFX [19, 26] . In figure 1(a), the radial profile of the toroidal E × B mean velocity is shown for T2R: the velocity profile has a minimum 2 mm right behind the LCFS. In figure 1(b) , the E × B flow shear is also shown. The value is normalized to the local ion cyclotron frequency (which is close to 0.7 MHz). A highly sheared region takes place across the LCFS and, in some locations, the shear results are comparable to the ion cyclotron frequency. In both experiments, as well as in all RFP experiments, it has been found that electrostatic turbulence drives most of the particle transport at the edge. Relevant scales for particle transport have been found to range from frequencies of MHD modes up to frequencies lower than the ion cyclotron frequency. The balance between turbulent particle losses and neutral influx gives rise, in both experiments, to rather steep density profiles as shown in figure 1(c) . It was also found that the turbulent particle flux tends to decrease where the E × B flow shear increases as shown in figure 1(d) . This observation has suggested a relationship between E × B flow shear and anomalous transport. According to some model [27] , turbulence can be radially decorrelated if the shearing frequency ω s is larger than the ambient turbulent spectrum width ω t , i.e.,
where r t is the turbulence radial correlation length, τ is the decorrelation time (1/τ = ω t ) and k ⊥ is the toroidal wave vector. It has been found that, in RFX and T2R, the shearing frequency in the edge region is close to that required for turbulence suppression [27] . Experiments of E × B shear control by edge biasing in RFX [16] that increasing the spontaneous shear leads to mitigation of the electrostatic transport. This result has fostered the investigation of the process underlying the establishment of this spontaneous E × B shear marginal for turbulence suppression. Recently [28] it has been found that in T2R Reynolds stress gradient, mainly due to electrostatic turbulence, results in the dominant momentum driving term inside the LCFS. The result supports a turbulence selfregulation process by which the E × B flow shear is driven by Reynolds stress, which in turn limits turbulence growth. The marginal value of the E × B flow shear is the final outcome of this process as suggested for other magnetic configurations [11, 23] .
Bursts and statistical properties
Fluctuations of primary quantities such as plasma density and potentials, as well as derived quantities such as the particle flux, show bursts emerging from the turbulence background. In particular, bursts in particle flux have been demonstrated to account for up to 50% of the particle losses in RFP [29] . In figure 2 , examples of fluctuations of the floating potential and electrostatic particle flux measured in RFX during a 500 µs interval are shown. Both signals reveal bursts though those in the particle flux results are more pronounced. A statistical analysis of the fluctuations has revealed that the probability distribution function (PDF) of all quantities, including magnetic fluctuations, are non-Gaussian with a tail which tends to increase at the shortest spatial scales. This property, joined to the power law decay observed in power spectra, defines intermittency in ordinary fluid turbulence [30] . By a suitable algorithm [39] , intermittent events, identified as those events belonging to the nonGaussian tail of the fluctuation PDF for a given timescale, have been sorted out from the turbulence background. In figure 2(a) , the occurrence of three intermittent events in the floating potential is indicated. It is worth noting that intermittent events in the floating potential do not necessarily correspond to intermittent events in particle flux and vice versa. This feature will be discussed in section 4 devoted to transport effect.
Conditional average and coherent structures
In order to identify the mean spatial structure associated with these bursts, a technique based on the conditional average has been used. This technique is commonly applied to laboratory plasmas [3, 31, 32] and has been discussed in detail for instance in [33] . Using the Mexican Hat wavelet, the signals have been decomposed in timescales τ relevant for the particle transport [13, 19] , namely from 5 to 50 µs in RFX and from 2.5 to 20 µs in T2R, corresponding to spatial scales ranging from 0.15 to 1 m in RFX and from 0.06 to 0.6 m in T2R. A subset of timescales (5, 10 and 20 µs for RFX and 2.5, 5 and 10 µs for T2R) has been further selected in order to reduce the overlapping of the spectra due to the continuous wavelet transform analysis [34] . The conditional average has been applied over time windows, centred on intermittent events at each timescale, with a time width suitable to include the average structure at a given timescale, typically of the order of 4τ . This technique has been applied to the signals provided by radial arrays of probes in order to investigate the average spatial structure associated with intermittent events. As these events have been found to correspond to maxima or minima in the floating potential, a further condition has been imposed in order to distinguish between coherent structures corresponding to potential 'hill' or potential 'well'.
The spatial reconstruction of the structures was then performed by assuming frozen turbulence (Taylor's hypothesis) [30] , according to which the structure does not undergo substantial modifications during the time required to cross the probe array. Within this assumption, the toroidal extent z of the structures corresponding to a given timescale τ has been reconstructed from the local E × B velocity as shown in figure 3 where a dipolar vortex in T2R is shown. The intermittent events are found to correspond to vortices in velocity space with radial extension of the order of a few centimetres and toroidal extent of the order of a few tens of centimetres. In general, dipolar and monopolar vortices are both observed in the edge region, their relative abundance being related to the value of the E × B flow shear [17] . By simultaneously measuring the plasma density in the same location, the corresponding structures in density have been reconstructed. It is found that vortices in velocity correspond to 'blobs' in density with comparable radial and toroidal extension. It is worth noting that the characteristic radial extension of such blobs is comparable to the characteristic length of the plasma density at the edge. These observations can be interpreted according to recent numerical simulations of interchange turbulence in the region across the LCFS in tokamaks. In this two-dimensional numerical simulation, density blobs come from the collective plasma dynamics across the magnetic field [35] . Numerical simulations indicate these 'blobs' to be the result of density profile relaxation so that their size is related to the plasma density gradient at the edge. The numerical simulations also provide a self-consistent description of the emergence and evolution of coherent structures and their statistical properties. The simulation also predicts non-Gaussian and positively skewed PDFs consistent with the aforementioned statistical properties experimentally observed. Therefore, though obtained for a different configuration and based on a specific class of instabilities, numerical simulations allow to interpret most of the features of the 'blobs' in RFPs, including their spatial structure, statistical properties and nonlinear evolution. The result adds a further analogy to tokamaks and supports a self-regulation process also for plasma density profile at the edge.
Coincidence analysis and structure lifetime
In order to study the dynamics of these vortices, an analysis similar to the coincidence analysis reported in [4] has been applied in RFX. The analysis consists of applying conditional average to floating potential fluctuations measured by two different probes located at the same radial position but 30
• toroidally apart. The time occurrence of intermittent structures in the upstream probe is assumed as the reference for conditional averaging. The time window used for conditional analysis on the downstream probe has been chosen by progressively increasing the time lag between the signals. The time lag by which the difference, measured as rms, between the structures identified on the two probes is minimum represents the time τ lag required by the vortex to travel between the two positions. In figure 4 , an example of minimization is shown for two probe arrays, named Flip (upstream) and Rake (downstream). The time lag results are in RFX, of the order of ∼70 µs. The velocity propagation is consistent with local E × B drift velocity, thus indicating that these structures travel at the same velocity as the bulk plasma. As a consequence, this time represents also a lower estimate of the structure lifetime. According to the vortex reconstruction as shown in figure 5 , the rotation velocity can be estimated and, from the size of the vortex, the corresponding turnover time can be calculated and compared with the lower estimate of the lifetime estimated above. Typical values for RFX results are ∼30 µs, while the lifetime is 70-100 µs, therefore leading to the conclusion that these vortices can perform more than a rotation during their motion along the torus, so that they fulfil the condition for coherent structures. Therefore intermittent events correspond to coherent structures with traits of vortices in velocity space and blobs in density propagating in the toroidal direction with a velocity consistent with the local E × B velocity drift.
Discussion
Previous studies have found that at the reversal surface, intermittent events tend to appear in clusters during magnetic relaxation processes [18] , while, closer to the wall, intermittency tends to increase in the sense that the PDFs tail of fluctuations at the shorter scales tend to rise. These features have been interpreted in terms of origin and evolution of the vortices: the vortices appear in a region close to the reversal surface during magnetic relaxation and diffuse towards the wall where the presence of the wall itself and/or the effect of the higher E × B shear tend to fragment them in shorter scale vortices. Moreover, it has been found that the local E × B mean vorticity acts on the preferred direction of rotation of the vortices [17] . Therefore, it has been concluded that the experimental results are consistent with a model according to which the vortices rise as dipolar ones close to the reversal region and tend to evolve to monopolar ones diffusing in the highly sheared outer region. As a result, both type of vortices are expected to coexist in a dynamic balance of formation and evolution ruled by the E × B flow shear. Theory and numerical simulations predict that both type of vortices contribute to the anomalous transport through their diffusion and interaction. The former process is more relevant for dipolar structures as they can make larger excursions in the direction of the gradients perpendicular to the magnetic field [36, 37] . The latter process results in particle transport even for displacements small compared to the vortex size [37] , as transport occurs through reorganization of the vorticity patterns [10] .
A model developed to describe vortex collision [10] has been applied to data from RFX and T2R. According to this model, the vortices contribute to the diffusion through their collisions. In this two-dimensional model, for vortices of size r 0 , a corresponding cross-section σ = 2r 0 can be defined and, consequently, a collision frequency ν = 1/τ coll = n v uσ , where n v is the line density of vortices and u is their speed. The corresponding effective diffusion of the vortices results in D v = vr 2 0 , in agreement with results of numerical simulations [10] . In both experiments, it has been found that vortices occupy approximately 20% of the edge region, so that their line density can be computed. As vortices travel with the E × B velocity, also u can be estimated. Therefore the effective diffusion coefficient can be estimated and it accounts for 50% of the total plasma diffusivity [38] . Hence vortex diffusivity is consistent with 50% of particle transport carried out by bursts in particle flux [29] . Therefore bursts in particle flux can be associated with collisions between vortices, which should take place with a characteristic time of the order of the collision time τ coll . In order to verify this model the laminar time analysis [39] has been applied. This analysis is based on the PDF of the laminar times identified as the time intervals between periods in which the particle flux values are below a given threshold. As shown in figure 6 , the distribution exhibits a characteristic power law decay P(τ L ) = τ −1.8 up to times of the order of 100 µs, where the slope becomes steeper, indicating the presence of a cut-off. This feature indicates that τ ≈ 100 µs sets a sort of maximum time between these events, in agreement with the collision time predicted by the model. This time results are longer than the minimum lifetime estimated above and therefore longer than the average vortex turnover time, thus confirming that the vortex can survive longer than one turn. Finally, this model allows the features described in section 3.2 to be explained, as the occurrence of large bursts in particle flux can be associated with vortex collisions and not with large structures.
Conclusions
Coherent structures emerging from the background turbulence are observed in the edge region of RFPs. These structures have traits of vortices in velocity field and 'blobs' in density with radial extension comparable to the characteristic lengths of the density profile at the edge. It is found that their mutual collision can account for up to 50% of the particle losses. Statistical properties of plasma turbulence and related particle fluxes, namely non-Gaussian PDF, intermittency and laminar time distribution, are consistent with the presence and dynamics of these coherent structures. Numerical simulations applied to other configurations in similar conditions allow most of the features experimentally observed to be interpreted in terms of self-organization of turbulence and plasma mean profiles at the edge.
